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Abstract

Purpose: To explore whether a cross-talk exists between PARP

inhibition and PD-L1/PD-1 immune checkpoint axis, and deter-

mine whether blockade of PD-L1/PD-1 potentiates PARP inhib-

itor (PARPi) in tumor suppression.

Experimental Design: Breast cancer cell lines, xenograft

tumors, and syngeneic tumors treated with PARPi were assessed

for PD-L1 expression by immunoblotting, IHC, and FACS anal-

yses. The phospho-kinase antibody array screen was used to

explore the underlying mechanism of PARPi-induced PD-L1

upregulation. The therapeutic efficacy of PARPi alone, PD-L1

blockade alone, or their combination was tested in a syngeneic

tumormodel. The tumor-infiltrating lymphocytes and tumor cells

isolated from syngeneic tumors were analyzed by CyTOF and

FACS to evaluate the activity of antitumor immunity in the tumor

microenvironment.

Results: PARPi upregulated PD-L1 expression in breast

cancer cell lines and animal models. Mechanistically, PARPi

inactivated GSK3b, which in turn enhanced PARPi-mediated

PD-L1 upregulation. PARPi attenuated anticancer immunity

via upregulation of PD-L1, and blockade of PD-L1 resensi-

tized PARPi-treated cancer cells to T-cell killing. The combi-

nation of PARPi and anti-PD-L1 therapy compared with each

agent alone significantly increased the therapeutic efficacy

in vivo.

Conclusions: Our study demonstrates a cross-talk between

PARPi and tumor-associated immunosuppression and provides

evidence to support the combination of PARPi and PD-L1

or PD-1 immune checkpoint blockade as a potential therapeutic

approach to treat breast cancer. Clin Cancer Res; 23(14); 3711–20.

�2017 AACR.

Introduction

PARP engages in DNA base excision repair by inducing poly

(ADP-ribosy)lation of itself and other target proteins (1). PARP

inhibition has been shown to be an effective therapeutic strategy

against tumors associated with germline mutation in double-

strand DNA repair genes by inducing synthetic lethality (1). One

PARP inhibitor (PARPi), olaparib, was approved by the FDA in

2014 for the treatment of germline BRCA-mutated (gBRCAm)

advanced ovarian cancer (2). More recently, another PARPi,

niraparib, which was shown to significantly prolong the progres-

sion-free survival in ovarian cancer patients, received a fast track

designation from the FDA for the treatment of patients with

recurrent platinum-sensitive ovarian cancer (3).

In addition to ovarian cancer, PARPi has demonstrated tre-

mendous potential in breast cancer, and there are currently several

active clinical trials evaluating PARPi-containing combination

therapies for advanced breast cancer. For instance, several com-

binations of PARPi and targeted anticancer agents, such as inhi-

bitors against PI3K (4, 5), Wee1 kinase (6), DNA topoisomerase I

(7), and DNA methyltransferase (8), have been proposed to

enhance the cytotoxic effect of PARPi. In addition, c-Met–medi-

ated phosphorylation of PARP was reported to contribute to

PARPi resistance, suggesting that the combined inhibition of c-

Met and PARPmay benefit patients who do not respond to PARPi

and whose tumors are associated with c-Met activation (9). Thus,

developing a rational combination therapy with PARPi may lead

to effective anticancer strategy.

Over thepast fewyears, therehave beenmajor breakthroughs in

our understanding of tumor-associated immunosuppression. A

key mechanism underlying cancer immune evasion is the expres-

sion ofmultiple inhibitory ligands, notably PD-L1, on the surface

of cancer cells. Engagement of the PD-1 receptor on T cells by PD-

L1 leads to the suppression of T-cell proliferation, cytokine

release, and cytolytic activity, whereas blockade of coinhibitory

ligation withmAbs, such as PD-L1 or PD-1 antibodies, restores T-

cell function and increases therapeutic efficacy (10, 11). The

impressive and durable clinical response of checkpoint blockade

immunotherapy resulted in the FDA approval of ipilimumab,

nivolumab, pembrolizumab, andmore recently atezolizumab for

the treatment of multiple types of cancer, such as melanoma,
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Hodgkin lymphoma, and lung and bladder cancers (12–15).

Notably, the PD-1 antibody pembrolizumab was approved as

first-line treatment for patientswith advancednon–small cell lung

cancer and high PD-L1 expression (16).

There is accumulating evidence indicating that conventional

and targeted anticancer therapies also affect tumor-targeting

immune responses (17). Thus, delineating the cross-talk

between cytotoxic anticancer agents and cancer-associated

immunity may lead to more efficient combinatorial regimens.

Although the effects of PARPi, a targeted anticancer agent, have

shown promising results in multiple cancer types, how and

whether PARPi plays a role in cancer-associated immunity is

still unknown. In the current study, we investigate the cross-talk

between PARP inhibition and immune checkpoint, in partic-

ular, the PD-L1/PD-1 axis, which is a dominant immune

checkpoint pathway in the tumor microenvironment, and

further explore a mechanism-driven combination strategy to

potentiate PARPi.

Materials and Methods

Cell lines

All cell lines were obtained from ATCC and have been inde-

pendently validated by STR DNA fingerprinting at MD Anderson

Cancer Center (Houston, TX). PARP1 (#sc-400046), PD-L1 (#sc-

401140), and GSK3b (#sc-425249) knockout cells were estab-

lished using CRISPR/Cas9 KO plasmids from Santa Cruz Bio-

technology. PARP1 knockdown MDA-MB-231 cells were estab-

lished as described previously (9).

Antibodies and chemicals

PD-L1 (#13684), PARP1 (#9532), phospho-GSK3b (Ser9,

#9336), GSK3b (#9315), and Ki-67 (#9449) antibodies were

purchased fromCell Signaling Technology, BRCA1 (sc-8326) and

BRCA2 (sc-642) were from Santa Cruz Biotechnology, and

a-tubulin (#B-5-1-2) and b-actin (#A2228) were obtained from

Sigma-Aldrich. Olaparib, rucaparib, and talazoparib were pur-

chased from Selleckchem, ChemieTek, and Selleckchem, respec-

tively. Human CD274 (B7-H1, PD-L1) antibody for T-cell killing

assay was from BioLegend (#329709). eSiRNA human BRCA1

(EHU096311), eSiRNA human BRCA2 (EHU031451), and

siRNA universal negative control (SIC001) were from Sigma-

Aldrich.

Human phospho-kinase antibody array

The Human Phospho-Kinase Array Kit (#ARY003B) was pur-

chased from R&D Systems. Array screening was performed fol-

lowing the manufacturer's protocol. Briefly, cell lysates were

incubated with the array membranes. After washing, the mem-

branes were incubated with biotinylated antibody cocktail. The

amounts of phospho-kinase were assessed with streptavidin con-

jugated to horseradish peroxidase (HRP), followed by chemilu-

minescence detection. A GS-800 Calibrated Densitometer (Bio-

Rad Laboratories) was used to quantify the density of each dot

against the average of the internal controls on the membrane as

indicated in the protocol.

Detection of cell surface PD-L1

For detection of cell surface PD-L1, cells were suspended in 100

mL of cell staining buffer (#420201, BioLegend) and incubated

with APC-conjugated anti-human PD-L1 antibody (#329708,

BioLegend) at room temperature for 30 minutes. After washing

in the staining buffer, stained cells were analyzed by FACS (BD

Biosciences).

PD-L1/PD-1–binding assay

Cells (1 � 106) were incubated with 5 mg/mL recombinant

human PD-1 FC chimera protein (#1086-PD-050, R&D Systems)

at room temperature for 30 minutes. After washing in staining

buffer, cells were incubated with anti-human Alexa Fluor 488 dye

conjugated antibody (Thermo Fisher Scientific) at room temper-

ature for 30 minutes. Cells were analyzed by FACS after wash in

the staining buffer. The FACS data were analyzed using FlowJo

(Tree Star), and the cut-off line for relative positive percentagewas

set at the median of the maximum signal.

T-cell killing assay

NucLight RFP MDA-MB-231 cells (#4457, Essen Bioscience)

were seeded in a 96-well plate with or without olaparib. Human

peripheral blood mononuclear cells (PBMC; #70025, STEM-

CELL) were activated with 100 ng/mL CD3 antibody, 100 ng/mL

CD28 antibody, and 10 ng/mL IL2 (#317303; #302913;

#589102, BioLegend) and then cocultured with MDA-MB-231

cells at 10:1 ratio in the presence of fluorescence caspase-3/7

substrate (#4440, Essen Bioscience).

PD-L1 detection in xenograft tumors

All animal procedures were conducted under the guidelines

approved by the Institutional Animal Care and Use Committee at

UT MD Anderson Cancer Center. MDA-MB-231 (0.5 � 106),

BT549 (1 � 106), or SUM149 (2 � 106) cells in Matrigel

(BD Biosciences) were injected into the mammary fat pads of

female nude mice of 6 to 8 weeks of age. When tumor volume

reached approximately 50mm3,micewere administered olaparib

(25 mg/kg) or rucaparib (5 mg/kg) orally 5 days per week for 3

weeks. Tumors were collected after final treatment and analyzed

by immunoblotting and IHC. IHC staining was performed as

described previously (18). Briefly, frozen tissue sectionswerefixed

with 4% paraformaldehyde for 1 hour and then hydrated in PBS

for 5 minutes at room temperature. Sections were permeabilized

with 0.5% Triton X-100 for 15 minutes at room temperature. The

Translational Relevance

With the recent approval of therapeutic antibodies that

block CTLA4, PD-1, and PD-L1, immune checkpoints have

emerged as new targets in cancer therapy. In addition, there is

accumulating evidence highlighting the role of cancer-associ-

ated immunity in patient response to cytotoxic anticancer

agents. Inhibitors of PARP have shown substantial cytotoxic

effects against tumors with defects in DNA damage response.

However, whether a cross-talk between PARP inhibition and

immune checkpoints exists remains unclear. Here, we show

that PARP inhibitor (PARPi) treatment upregulates tumor cell

PD-L1 expression, which attenuates PARPi efficacy via cancer-

associated immunosuppression. The blockade of PD-L1 can

restore the attenuated antitumor immunity and potentiate

PARPi in tumor suppression. This study provides a scientific

rationale for the evaluation of PD-L1/PD-1 blockade with

PARPi in clinical trials.

Jiao et al.

Clin Cancer Res; 23(14) July 15, 2017 Clinical Cancer Research3712

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

3
/1

4
/3

7
1
1
/2

0
3
9
9
9
5
/3

7
1
1
.p

d
f b

y
 g

u
e

s
t o

n
 2

6
 A

u
g

u
s
t 2

0
2
2



endogenous peroxidase activity was blocked with 0.3% hydrogen

peroxide in methanol for 15 minutes at room temperature. After

serum blocking, the slides were incubated overnight at 4�C with

human PD-L1 antibody (#13684, Cell Signaling Technology,

1:50 dilution). Slides were then incubated with biotinylated

secondary antibodies for 1 hour at room temperature, followed

by incubation with avidin–biotin–HRP complex. Visualization

was performed using 0.125% amino-ethylcarbazole chromogen.

After counterstaining with Mayer's hematoxylin, slides were

mounted.

Syngeneic tumor model treatment protocol

BALB/cmice (6- to 8-week-old female, The Jackson Laboratory)

were inoculated in the mammary fat pads with EMT6 (1 � 105)

cells in Matrigel. On days 3 after the inoculation, mice were

injected intraperitoneally with 50mg/kg olaparib or vehicle daily.

After day 4, mice were injected intraperitoneally every 4 days with

75 mg anti-mouse PD-L1 antibody (10F.9G2, Bio X Cell) or

control rat IgG2b (LTF-2, Bio X Cell). Tumor volumes were

measured every 3 days with a digital caliper and were calculated

using the formula: p/6 � length � width2. Body weight was

measured every 5 days.

Tumor cell PD-L1 expression and tumor-infiltrating

lymphocyte analysis

EMT6 tumors were excised and digested in collagenase/

hyaluronidase and DNase I and dissociated by gentleMACS

Dissociator as described by the protocol of Tumor Dissociation

Kit (Miltenyi Biotec). Tumor cells and tumor-infiltrating lym-

phocytes (TIL) were enriched and harvested separately by

Percoll gradient (Sigma). Cell surface PD-L1 of tumor cell were

stained with Brilliant Violet 421–conjugated anti-mouse PD-L1

antibody (#124315, BioLegend) and analyzed by FACS, and

TILs were stained and analyzed by mass cytometry (CyTOF).

The antibodies used to stain TILs are listed as follows: CD45-

147Sm, CD3e-152Sm, CD4-172Yb, CD8a-168Er, and IFNg-
165Ho (Fluidigm).

IHC staining of human breast tumor tissue samples

IHC staining was performed as described previously (19).

Human breast tumor tissue specimens were obtained following

the guidelines approved by the Institutional Review Board at MD

Anderson Cancer Center, and written informed consent was

obtained from patients in all cases. Briefly, tissue specimens were

incubated with antibodies against PAR (Enzo Life Sciences, Clone

10H, 1:200 dilution) and PD-L1 (Abcam, Clone 288, #ab205921,

1:100 dilution) and a biotin-conjugated secondary antibody and

then incubated with an avidin–biotin–peroxidase complex. Visu-

alizationwas performed using amino-ethylcarbazole chromogen.

According to the histologic scores, the intensity of staining was

ranked into four groups: high (þþþ), medium (þþ), low (þ),

and negative (–).

Statistical analysis

Statistical analyses were performed using GraphPad Prism

software (GraphPad). Student t test or one-way ANOVAwas used
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Figure 1.

PARPi upregulates PD-L1 protein expression in breast cancer cells. A, MDA-MDA-MB-231 and BT549 cells were treated with 10 mmol/L olaparib or 10 nmol/L

talazoparib for 24 hours and subjected to immunoblotting with the indicated antibodies. PD-L1 KO cells were included as a negative control. B, PD-L1 expression in

PARP1 KD, PARP1 KO, and MDA-MB-231 parental cells by immunoblotting. C and D, The indicated MDA-MB-231 cells were subjected to FACS analysis for cell

surface PD-L1 expression. E,SUM149 cellswere treatedwith the indicated concentrations of olaparib for 10 days, and cell surface PD-L1 expressionwas determinedby

FACS. APC, allophycocyanin.

PARPi Upregulates PD-L1 Expression
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to compare experimental data. The Pearson c2 test was used to

analyze IHC data. A P value <0.05 (�) was considered statistically

significant.

Results

PARPi enhances PD-L1 expression in vitro and in vivo

Elevated PD-L1 expression in cancer cells has been shown to

enhance PD-L1/PD-1 axis–mediated anticancer immunosuppres-

sion (11, 16). Todeterminewhether inhibition of PARP affects the

PD-L1 protein level, we treated MDA-MB-231 and BT549 cells

with two different PARPis, olaparib and talazoparib, and deter-

mined PD-L1 expression by immunoblotting. PARPi treatment

increased the total level of PD-L1 protein in both the cell lines

(Fig. 1A). To validatewhether PARPi-induced PD-L1upregulation

is through PARP1 inhibition, we knocked down (KD) or knocked

out (KO) PARP1 in MDA-MB-231 cells. Consistent with the

results shown in Fig. 1A, PD-L1 expression in the PARP1 KD and

KO cells was substantially higher comparedwith the parental cells

(Fig. 1B).

PD-L1 expressed on cell surface of cancer cells exerts immu-

nosuppressive effects by binding to PD-1 receptor on activated T

cells (20). To determine whether the level of cell surface PD-L1

increases after PARPi treatment, MDA-MB-231 cells were treated

with or without PARPi and subjected to FACS using fluorescence-

labeled PD-L1 antibody. Cell surface PD-L1 levels significantly

increased after olaparib and talazoparib treatment (Fig. 1C), and

the increase occurred in a dose-dependent manner (Supplemen-

tary Fig. S1). Likewise, cell surface PD-L1 levels were higher

in PARP1 KD and KO MDA-MB-231 cells than in parental cells

(Fig. 1D). Because PARPi is commonly used to treat BRCA-

deficient cancers (21), we also investigated the effects of olaparib

on BRCA-mutant SUM149 cells. SUM149 cells were treated with

the different concentrations of olaparib for 10 days to mimic

chronic PARPi exposure in clinic and subjected to FACS to

determine PD-L1 expression. Consistent with the results in

MDA-MB-231 cells, cell surface PD-L1 was significantly increased

following olaparib treatment in a dose-dependent manner (Fig.

1E). To further validate the role of BRCA deficiency in PARPi-

induced PD-L1 upregulation, we knocked downBRCA1orBRCA2

inMDA-MB-231 cells and exposed cells to olaparib. Downregula-

tion ofBRCA1 orBRCA2 had virtually no effect on PARPi-induced

PD-L1 expression (Supplementary Fig. S2). These results together

suggested that PARPi can upregulate cell surface PD-L1 level in

both BRCA-proficient and BRCA-deficient cells.

Next, we asked whether PARPi may affect PD-L1 expression

in tumors; we inoculated BT549 and SUM149 cells into the

mammary fad pads of nude mice, and after the tumor formed,

administered olaparib to mice 5 days a week for 3 weeks.

Tumor tissues from xenografts were isolated and subjected to

immunoblotting with PD-L1 antibody. As shown, PD-L1

expression was substantially higher in the xenograft tumors

from mice treated with olaparib compared with those from the

untreated mice (Fig. 2A and B). We also assessed PD-L1 expres-

sion by IHC staining in MDA-MB-231 xenograft tumor tissues

frommice that had been treated with another PARPi, rucaparib,

and harvested from our previous study (9). Mice treated with

rucaparib for 3 weeks had higher PD-L1 expression in their

tumors compared with control mice (Fig. 2C). Together, these

B

C

Control Rucaparib

PD-L1/Case 1

231 Xenograft

PD-L1/Case 2

A

Actin

PD-L1

BT549 Xenograft

Control Olaparib

Case             1            2              1             2

Actin

PD-L1

SUM149 Xenograft

Control Olaparib

Case            1              2              1               2

Figure 2.

PARPi upregulates PD-L1 expression in xenograft tumors.A–C,BT549 (A), SUM149 (B), andMDA-MB-231 cells (C)were inoculated into themammary fad pad of nude

mice, and the mice with established tumors were treated with olaparib or rucaparib. Tumors were then isolated to evaluate PD-L1 expression by immunoblotting (A

and B) or IHC staining (C). Black arrowheads, detected PD-L1 signals. Scale bar, 50 mm.
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results indicated that PARPi upregulates PD-L1 expression in

triple-negative breast cancer in vitro and in vivo.

GSK3b inactivation is required for PARPi-induced PD-L1

upregulation

Next, we explored the mechanism underlying PARPi-

enhanced PD-L1 protein expression. Multiple signaling path-

ways, such as STAT, NF-kB, and mTOR, have been reported

to regulate PD-L1 expression level (19, 22, 23). In an attempt to

identify the potential signaling pathways that regulate PD-L1,

we performed a phospho-kinase antibody array screen to iden-

tify kinases that are activated or inactivated following PARPi

treatment. In the presence of PARPi treatment, the phosphor-

ylation signal of GSK3a/b at Ser21 and Ser9, which represents

its inactivated form (24), scored the second highest after the

CHK2-p53 DNA repair pathway (Fig. 3A). CHK2 kinase is

known to respond to DNA damage, and PARPi-induced CHK2

phosphorylation has previously been reported (25, 26), further

lending support to the results of our screen. The finding that

PARPi inactivates GSK3a/b is also in line with our recent report

demonstrating inactivation of GSK3b (p-Ser9) stabilizes PD-L1

(27). Those findings together prompted us to investigate

whether PARPi upregulates the expression of PD-L1 via inac-

tivation of GSK3b. To this end, we examined the status of

GSK3b phosphorylation at Ser9 in response to PARPi in

SUM149 cells, BT549, and MDA-MB-231 cells by immunoblot-

ting. The results indicated that PARPi treatment induced high

GSK3b Ser9 phosphorylation that was associated with PD-L1

upregulation (Fig. 3B and C; Supplementary Fig. S3). Knocking

out GSK3b significantly increased PD-L1 expression (Fig. 3C,

lane 3 vs. 1). However, PD-L1 expression level in GSK3b KO

cells was no longer enhanced by olaparib treatment (Fig. 3C,

lane 4 vs. 3). These results suggested that inactivation of GSK3b
is required for the PARPi-induced PD-L1 upregulation.
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Figure 3.

GSK3b inactivation is required for PARPi-mediated PD-L1 upregulation. A, SUM149 cells were treated with olaparib and subjected to human phospho-kinase array.

The top two responding kinases were Chk2 and GSK3a/b. B, SUM149 cells were treated with the indicated concentrations of olaparib for 10 days and subjected

to immunoblotting with the indicated antibodies. C, BT549 parental or GSK3b KO cells were treated with 10 mmol/L olaparib for 24 hours. PD-L1 expression

was evaluated by immunoblotting.
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PARPi attenuates T-cell killing through PD-L1 induction

To understand the functional significance of PD-L1 upregula-

tion by PARPi, we first asked whether PARPi-induced PD-L1

increases PD-1 binding on cells. Exposure of MDA-MB-231 cells

to olaparib induced more PD-1 binding to PD-L1 on the cell

surface (Fig. 4A). Similar results were observed in MDA-MB-231

PARP1 KD and KO cells (Fig. 4B), and in SUM149 cells treated

with different concentrations of olaparib (Fig. 4C). Next, to
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PARPi-inducedPD-L1 upregulation suppresses anticancer immunity, and blockade of PD-L1 potentiates PARPi.A,EMT6 cellswere treatedwith 10mmol/L olaparib for

24 hours. Cell surface PD-L1 were analyzed by FACS. B, Representative images of tumors after olaparib and/or anti-PD-L1 antibody treatment at the indicated time

points in the EMT6 syngeneicmousemodel.C,Effects of olaparib and/or anti-PD-L1 antibody treatment on tumor growth in EMT6 syngeneicmousemodel treated (n

¼ 8). Tumorsweremeasured at the indicated time points and dissected for tumor cell PD-L1 expression analysis, TIL analysis, and pathologic analysis at the endpoint.

D,Hematoxylin andeosin (H&E) andKi-67 staining of EMT6 tumors. Scalebar, 50mm.E,Cell surface PD-L1 expression in EMT6 cells derived fromEMT6mouse tumors.

F, Cytotoxic CD8þ T-cell population (IFNgþ CD8þ CD3þ CD45þ) in TILs isolated from EMT6 tumors by CyTOF analysis. � , P < 0.05.
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determine whether PARPi-mediated PD-L1 upregulation, which

resulted in increased PD-1 binding, affects T-cell function, we

performed a T-cell–mediated killing assay by coculturing activat-

ed human PBMCs with MDA-MB-231 cells labeled with nuclear

redfluorescence protein (RFP;NucLight RedMDA-MB-231) in the

presence or absence of olaparib. As expected, olaparib efficient-

ly inhibited cancer cell proliferation (black vs. blue in Fig. 4D,

left; Supplementary Fig. S4A; Supplementary, Movie S1 vs. S2)

but did not inhibit activated PBMC proliferation (Supplemen-

tary Fig. S4B). Interestingly, although MDA-MB-231 cells were

sensitive to the T-cell killing (black vs. red in Fig. 4D, left;

Supplementary Movie S3), those that were treated with ola-

parib were strongly resistant to activated T-cell killing (blue vs.

yellow in Fig. 4D, left and right; Supplementary Movie S4),

supporting the notion that upregulation of PD-L1 by PARPi

may render the PARPi-treated cancer cells more resistant to T-

cell killing. On the basis of the above results, we tested the T-

cell killing effects of the combination of PD-L1 antibody and

olaparib. The results showed that blockage of PD-L1 resensi-

tized PARPi-treated MDA-MB-231 cells to activated T-cell kill-

ing and that the PARPi–PD-L1 antibody combination was more

effective than each agent alone (Fig. 4E).

Combination with PD-L1 blockade sensitizes PARPi therapy

Next, we sought to determine whether PD-L1 blockade could

further potentiate PARPi antitumor efficacy in vivo. We first

treated a murine breast cancer cell line, EMT6, with olaparib

with results showing significant induction of PD-L1 by olaparib

(Fig. 5A). Consequently, we evaluated PARPi and anti-PD-L1

treatment alone or in combination in the EMT6 syngeneic

mouse model. Consistent with our observations in vitro, both

olaparib and anti-PD-L1 restricted tumor growth, but the

PD-L1PAR

Case 1

Case 2

PD-L1

PAR

–/+

–/+

++/+++

++/+++

Total

Total

15 (12.9%)

14 (12.1%)
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65 (56.0%)

22 (19.0%)

87 (75.0%)

80 (69.0%)

36 (31.0%)

116 (100.0%) P = 0.02

P value

Figure 6.

Inverse correlation between PAR and PD-L1 in surgical specimens of breast cancer. Top, representative images of IHC staining of PAR and PD-L1 in human breast

cancer tissues (n¼ 116). Scale bar, 50 mm; bottom, correlation analysis between PAR and PD-L1 was analyzed using the Pearson c2 test (P¼ 0.02). A P value of less

than 0.05 was considered to be statistically significant.
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combined treatment demonstrated better therapeutic benefit

than each treatment alone (Fig. 5B and C). There were signif-

icantly fewer Ki-67–positive tumor cells in the combined

treatment compared with each treatment alone (Fig. 5D). Mice

that received the combination treatment did not show any

significant changes in body weight or elevation in liver enzyme

(ALT and AST), and kidney toxicity marker, blood urea nitrogen

(Supplementary Fig. S5). At the end of the treatment, tumors

resected from mice were subjected to dissociation, and tumor

cells and TILs were separately harvested. Consistent with

the observation in xenograft mouse model (Fig. 2), PARPi

significantly upregulated PD-L1 expression on tumor cell sur-

face as determined by FACS in EMT6 syngeneic mice (Fig. 5E).

Analysis of TILs by CyTOF showed that tumor-infiltrating

cytotoxic CD8þ T-cell population, as measured by the level of

IFNg , decreased after PARPi treatment. Meanwhile, the addi-

tion of anti-PD-L1 restored the cytotoxic CD8þ T-cell popula-

tion (Fig. 5F). These results suggested that PARPi enhances

cancer-associated immunosuppression through upregulation

of PD-L1 and that PD-L1 blockade potentiates PARPi therapy.

Correlations of PARylation and PD-L1 expression in human

tumor tissues

PARP exerts its biological function through its PARylation

enzyme activity, and PARP inhibitors are designed to inhibit its

enzyme activity. Thus, the extent of protein PARylation was

utilized to assess the efficacy of PARP inhibition (7). To further

validate our findings in human cancer patient samples, we ana-

lyzed the correlations between PARylation level and PD-L1

expression in human breast tumor specimens using IHC. High

level of protein PARylation was detected in 87 (75.0%) of the 116

specimens, of which 65 cases (74.7%) showed low PD-L1 expres-

sion (Fig. 6, top). The Pearson c2 test further showed the inverse

correlation between PARylation level and PD-L1 expression exists

in human cancer patient specimens (Fig. 6, bottom). These results

supported the notion that high PARP enzyme activity suppresses

PD-L1 expression.

Discussion

Although the cytotoxic effects of PARPi have been well

studied, the role of PARP inhibition in cancer-associated immu-

nity is still largely unknown. In this study, we demonstrated

that PARPi upregulates PD-L1 expression primarily through

GSK3b inactivation. PARPi renders cancer cells more resistant

to T-cell–mediated cell death, and PD-L1 blockade potentiates

PARPi in vitro and in vivo. These data strongly suggested that PD-

L1 upregulation by PARPi treatment attenuates PARPi thera-

peutic efficacy via tumor-associated immunosuppression,

and simultaneous inhibition of PARP and PD-L1 may benefit

breast cancer patients. There are currently three clinical trials

testing the combination of PARPi (olaparib, niraparib, and

BGB-290) and PD-L1 or PD-1 antibody in multiple cancer

types (NCT02484404, NCT02657889, NCT02660034). The

results of the current study provided scientific basis for these

clinical trials.

Higuchi and colleagues recently investigated the combina-

tion of PARPi and CTLA4 antibody in the BR5-AKT ovarian

cancer syngeneic mouse model and claimed to have observed a

synergistic therapeutic effect (28); however, they indicated they

did not observe such synergistic effect using the anti-PD-1 and

PARPi combination in the same animal model. It is worthwhile

to mention that PD-1 blockade in the BR5-AKT syngeneic

mice did not affect T-cell activation or cytokine induction in

the peritoneal tumor environment in their study (28), and

therefore, synergistic effects may not be observed in combina-

tion with PARPi under their experimental condition. Moreover,

because BR5-AKT tumors display high AKT activities that

already inhibit GSK3b (29), it is possible that PARPi cannot

further inhibit GSK3b and upregulate PD-L1 in the BR5-AKT

tumors, and thus, the synergistic effects were not observed.

In contrast, the results from our study indicated that PARPi

upregulates PD-L1 in EMT6 tumors and PD-L1 blockade atten-

uated immunosuppression activity (Fig. 5F), which allowed

us to observe an anti-PD-L1 therapy–potentiated antitumor

activity of PARPi. Meanwhile, other studies have reported

that chemotherapeutic agents, gemcitabine and paclitaxel, can

induce PD-L1 in ovarian cancer cells (30, 31). The combination

of paclitaxel and PD-L1/PD-1 blockade enhanced antitumor

efficacy in an ID8 ovarian syngeneic mouse model (30). There-

fore, whether the combination of PD-L1 blockade and PARPi

induces synergistic effect in ovarian cancer warrants further

investigation in a suitable animal model. Nonetheless, the

mechanism of interaction between PARP and PD-L1/PD-1 as

shown in the current study is timely and provides scientific

basis to develop more effective combination therapies consist-

ing of two powerful anticancer agents.
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